The anterior cingulate cortex (ACC) and lateral prefrontal (LPFC) cortex are brain regions important to executive cognitive functions (ECF
The anterior cingulate cortex (ACC) and lateral prefrontal (LPFC) cortex are brain regions important to executive cognitive functions (ECF). We determined ACC and LPFC function in 23-day abstinent cocaine abusers using positron emission tomography (PET H 2 15 O) during performance of a modified version of the Stroop Task. Cocaine abusers showed less activation than non-drugusing comparison subjects in the left ACC and the right LPFC and greater activation in the right ACC. Average amount of cocaine used per week was negatively correlated with activity in the rostral ACC and right LPFC. Disruption of ECF in substance abusers could interfere with attempts to stop drug use and undermine treatment. Since impairment in ECF may be a common feature of various neuropsychiatric disorders, these findings have applicability beyond the neurobiology of addiction.
(The Journal of Neuropsychiatry and Clinical Neurosciences 2004; 16:456-464) C ocaine abuse is a substantial public health concern, as recent estimates indicate that there are 1.5 million chronic cocaine users in the United States. 1 Societal costs of drug abuse including cocaine abuse are estimated to be $62 billion. 2 The use of cocaine produces changes in brain chemistry with attendant functional consequences. Neuroimaging studies have revealed metabolic 3, 4 and structural 5 differences in prefrontal brain regions, including the anterior cingulate cortex (ACC) and lateral prefrontal cortex (LPFC) of cocaine and polydrug abusers relative to non-drug-using comparison subjects. The caudal-dorsal ACC has strong reciprocal interconnections with the LPFC, and this network operates during performance of tasks that involve high levels of mental effort. 6 This neural network also BOLLA et al.
appears to participate in executive cognitive functions (ECF) governing resolution of conflict, response inhibition, performance monitoring, implementation of control, and error monitoring. [7] [8] [9] [10] [11] Disruption of these functions could impair an individual's ability to monitor and inhibit inappropriate behavior. In the context of substance abuse, such disruption could impede the discontinuation of self-destructive, drug seeking behavior, thereby undermining treatment.
The aim of this investigation was to determine if cocaine abusers have impaired function of the ACC and LPFC. We used water method positron emission tomography (PET H 2 15 O) imaging and a cognitive activation task, a modified version of the Stroop Task. 12-15 The Stroop is a task of cognitive control and performance monitoring that requires response inhibition and suppression of a more habitual response in favor of an atypical one. 10, 16, 17 Positron emission tomography (PET) and frontal magnetic resonance imaging (fMRI) studies in normal volunteers demonstrate that the ACC and LPFC have complementary functions underlying the performance of different aspects of the Stroop Task. 9, 10, 17, 18 The LPFC plays a role in maintaining attentional demands of the Stroop Task whereas the ACC plays a role in conflict monitoring. 10 It is important to study the functional integrity of the ACC and LPFC in cocaine abusers because dysregulation of this prefrontal neural network might contribute to the development and persistence of maladaptive behaviors (e.g., poor response selection) that could sustain addiction or impede abstinence from drug use.
In previous neurobehavioral studies of abstinent cocaine abusers, we have shown a dose-related relationship between the amount of cocaine used and performance on tasks associated with ACC function (Stroop) and LPFC (CALCAP-sequence of numbers match-tosample task). 19, 20 Based on this work, we predicted that abstinent cocaine abusers would show impaired function of the ACC and LPFC, compared with a non-drugusing comparison group. We also reasoned that if abnormalities in brain functioning were directly related to cocaine use, changes in brain activation in these regions during performance on the task should be correlated with the amount of cocaine used.
METHODS

Participants
Comparison subjects and cocaine abusers were recruited using newspaper advertisements, and the study was approved by the institutional review boards of the National Institute on Drug Abuse (NIDA) Intramural Research Program and Johns Hopkins University Bayview Medical Center. All participants gave written, informed consent and received remuneration. Participant selection was based on drug use history obtained using the structured interview Drug Use Survey Questionnaire (DUSQ), 21 Addiction Severity Index (ASI) 22 and the Diagnostic Interview Schedule (DIS). 23 All participants were right handed, and English was their native language.
Non-drug-using group. Participants were included in the comparison group if they reported consuming fewer than 11 alcoholic drinks per week and using marijuana less than 8 days per month. Individuals were excluded if they currently used any illicit drug other than marijuana.
Cocaine group. The cocaine group claimed that cocaine was their drug of choice, used cocaine by any route for at least 2 years, self-administered cocaine at least four times per month, had two urine toxicology screens at least 48 hours apart that were positive for cocaine metabolites, and reported alcohol consumption of fewer than 11 alcoholic drinks per week and marijuana use less than 8 days per month. The positive screens confirmed cocaine use during the 24 to 72 hours prior to admission into the inpatient unit and ensured that all participants were abstinent for a uniform period. Participants were excluded if they met the DSM -IV criteria as assessed on the DIS for current or past dependence on any other psychoactive substance other than cocaine, including alcohol, or if their urine toxicology screen was positive for substances other than cocaine and its metabolites.
Exclusion criteria for all participants. Volunteers were excluded for a past or current Axis I disorder other than nicotine dependence by DSM-IV criteria using the DIS (e.g., PTSD, major depressive disorder). Volunteers were also excluded for a past or current history of any neurological illness, use of psychoactive medication, an abnormal neurological examination, pregnancy, colorblindness, or left handedness.
Data Collection
At the initial visit to the Clinical Inpatient Research Unit (CIRU) at NIDA-IRP, all participants had a medical eval-
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uation, including a neurological exam, urine toxicology screening, and pregnancy test (for women). Cocaine abusers were then admitted to the CIRU for approximately 23 days, which allowed us to examine persistent effects without the confounding influence of acute effects of cocaine on the brain. Random drug screens were performed during the inpatient stay to ensure abstinence. No participant was in drug abuse treatment, psychotherapy, or on any medication at the time of screening or when admitted to the study, and no treatment or medications were given over the 23-day stay. The residential research setting permitted us to monitor participants closely for 23 days prior to testing to ensure proper medical, environmental, and nutritional control. The comparison subjects stayed at the General Clinical Research Center (GCRC) for three days.
Design: Research participants were instructed to abstain from cigarettes and caffeine for 3 hours prior to the PET session. Subjects participated in one PET session (on day 23 of the residential stay for cocaine abusers and day 3 of the residential stay for comparison subjects), during which they received six injections of H 2 15 O (10 mCi each). Injections were followed by a 1-min acquisition scan. Three cognitive conditions were studied: Rest (eyes on a fixed target), a no conflict condition, and a conflict condition. Two scans were acquired for each of the three conditions (rest, no conflict, conflict), yielding a total of 6 scans in a testing session. The rest condition occurred at the beginning and end of the session. The order of the no conflict and conflict conditions was counterbalanced within and between participants. Tasks began 1 minute prior to injection of the tracer and continued until the end of the task (approximately 3 minutes).
Measures
Modified Stroop Task. A modified version of the computer administered Automated Neuropsychological Assessment Metrics (ANAM) version of the Stroop Task was used. 24 As in Golden's version 25 of the Stroop Task that is used clinically, the participants were required to correct each mistake before proceeding to the next stimulus (self-paced). Unlike Golden's version, the modified task required a manual rather than vocal response, and stimuli were presented as a single trial rather than as an array. Responses were recorded using a "3 key-button box" (KPX-17 Parallel keypad, ALPS electronic), with separate buttons corresponding to red, green and blue.
All responses were made with the first three fingers of the right hand. Two minutes of practice trials were allotted to train the participant to respond to the correct keys on the keypad while in the scanner. Stimuli were presented for a total of 2 minutes for each condition. We modified the classic Stroop Task to enhance the differences between conditions by introducing a greater difference in the amount of conflict. The brain image was acquired during the first minute of stimulus presentation.
Conflict (color naming with word-interference-incongruent stimulus dimensions).
This condition consisted of conflicting stimulus dimensions, and the task demand was to suppress a typical response. The Conflict condition displayed the words red, green, or blue in colors that did not match the meanings of the words (e.g., red displayed in the color blue). For example, a correct response was a press of the blue key when viewing the word red written in the color blue.
No conflict (word naming without word-interference-congruent stimulus dimensions).
This condition presented no conflict in the dimensions of the stimulus. The no conflict condition displayed the words red, green, or blue in colors that matched the written words (e.g., red displayed in the color red). Therefore, this task was matched with the conflict condition for response type (button press) and stimulus types (color, word meaning, and number of letters) making the visuomotor task demands identical to those of the conflict condition. We designed this no conflict condition to be less cognitively demanding than the conflict condition. Therefore this modification enhanced the differences between the conflict and no conflict conditions by increasing the amount of conflict. The no conflict condition was easy since the word (e.g., red) matched the color (e.g., red) and was the dominant tendency. However, the conflict condition was more difficult since the stimulus dimension was incongruent requiring inhibition of the impulse to read the word (e.g., red) while naming the incongruent color stimuli (e.g., the word red presented in the color blue). Our pilot work showed that the mean average response time for the conflict condition was significantly slower (mean response time: 864 [SD 314]) msec than the mean response time for the no conflict condition (mean response time: 572 [SD 90] msec; Wilcoxin Signed Rank Test, Z ‫ס‬ ‫;11.3מ‬ p Ͻ 0.01). These data (i.e., slower reaction time) provide evidence that the conflict condition BOLLA et al.
was more cognitively demanding and required more effort than the no conflict condition.
Scans: Scans were acquired with a Siemens ECAT EXACT HR ‫ם‬ in 63 planes with a 15.5 cm field of view in 3D mode. Images were reconstructed using a Hann filter with 0.5 cut off frequency. The average transverse resolutions [full width half maximum (FWHM)] of the scanner at 1 cm and 10 cm from the center of the field of view measured in 3D mode and determined using a Fluorine-18 line source and a ramp filter (with a 0.5 cutoff frequency), were 4.66 mm and 5.45 mm, respectively. Axial resolutions of the scanner (FWHM) that were measured using a point source of F 18 and the same reconstruction algorithm were 4.21 mm and 5.0 mm at 0 cm and 10 cm from the center, respectively. In case of application of a Hann filter with a 0.5 cut off frequency, used for reconstruction of brain images, the average transverse resolutions were 6.52 mm and 7.16 mm, respectively. For the same reconstruction algorithm, the average axial resolution at 0 cm from the center was 3.72 mm and at 10 cm, 5.64 mm.
Image Processing and Statistical Analyses: Position emission tomography images were aligned, spatially normalized into the Montreal Neurological Institute (MNI) coordinate system, and smoothed with a ‫ן21‬ ‫21ן21‬ mm Gaussian kernel using Statistical Parametric Mapping Software (SPM99; Wellcome Department of Cognitive Neurology). A two-stage procedure was implemented for statistical analyses. In the first stage, PET images from each participant were used to create an adjusted mean image, representing the relative change in brain activity between the no conflict condition and the conflict condition (all scans from the conflict minus all scans from the no conflict condition). Thus, the adjusted mean image reflected the change in brain activity between the easier no conflict condition and the more difficult conflict condition. This "conflict effect" was assumed to be directly related to the difference in cognitive effort required by the two conditions. In the computation of these adjusted images, within-session variations in global activation were adjusted using proportional scaling. There were no significant differences in the correlation between the global activation (i.e., the sum of all intracerebral voxels) and the conditions of interest (i.e., the sum of all activated voxels) for the no conflict condition and the conflict condition scans. [26] [27] [28] [29] All coordinates were converted from MNI space to Talairach space using a nonlinear transformation.
In order to identify the brain regions activated during performance of our modified Stroop Task conditions (differences in activation between the two conditions), we first tested a group of comparison subjects (n ‫ס‬ 10) who were not included in this study but who performed the identical modified Stroop Task conditions. Three regions were identified using a fixed effects analysis: the left ACC (x ‫ס‬ ‫,6מ‬ ). In the second stage of the analyses, the single combined adjusted image from each of the 13 comparison subjects and 13 cocaine abusers was entered into a two-sample t test (with 24 degrees of freedom) employing a random effects model. Three regions of interest were examined (6-mm spheres, left ACC and left lateral prefrontal cortex, right lateral prefrontal cortex), centering on the coordinates that showed greater activation for the conflict condition than the no conflict condition in the pilot study. To correct for multiple comparisons, we employed the "small volume correction" method that was implemented in SPM99, 29 with the experiment-wise false positive rate (Type I error) for a particular region of interest at the ␣ Ͻ 0.05 level.
Because we were interested in both the right and left ACC and did not hypothesize a lateralized effect, we identified a fourth region of interest (6-mm sphere) in the right ACC (x ‫ס‬ 10,y ‫ס‬ 8, z ‫ס‬ 48) based on findings reported in the literature using a similar modified Stroop Task (congruent versus incongruent).
14 The coordinates were transformed from Talairach space to MNI space before being analyzed in SPM99. A post hoc exploratory analysis using a threshold of p Ͻ 0.001, with an extent threshold of 50 voxels and corrected for the search volume of the whole brain, was also conducted to search for additional regions that may be affected by cocaine abuse other than our regions of interest. We also performed correlation analyses (n‫)31ס‬ between intensity of cocaine use (grams of cocaine used per week) and brain activity during performance of the task. (Table 1 ). The comparison group (n ‫ס‬ 13) was matched to the cocaine group (n ‫ס‬ 13) on intelligence quotient (IQ) and sex. All participants were right handed. No group differences were found in years of education, maternal education, Shipley IQ, or Hollingshead Index of socioeconomic status. The co- ) . Grams per week were estimated from participants' self-reports of how much money was spent each week and U.S. Drug Enforcement Agency estimates for the Baltimore area ($100 per gram for 50% purity). Cigarette smoking was more common in the cocaine group (11/13) than the comparison group (7/13). None of the comparison subjects had used marijuana in the 3 months prior to admission into the study. Consistent with our a priori hypotheses, the cocaine abusers had less conflict-related activation (conflict minus no conflict condition) than comparison subjects in the left ACC (peak located at -6, 18, 41, [BA 32]; t(24)‫,01.3ס‬ p Ͻ 0.03, corrected for multiple comparisons; cluster of 28 contiguous voxels at a t(24)‫17.1ס‬ or greater) and right LPFC (peak located at 38, 34, 20, [BA 10]; t(24)‫,33.2ס‬ p Ͻ 0.05, corrected for multiple comparisons; cluster of 17 contiguous voxels at a t ‫17.1ס)42(‬ or greater) ( Figure 1A) . No significant group differences were observed in the left LPFC region of interest. Other investigators reported activation in the right ACC when comparing congruent to incongruent Stroop Task conditions, and we used the coordinates of this effect in the right ACC (x ‫ס‬ 10, y ‫ס‬ 8, z ‫ס‬ 48) to test for group differences.
RESULTS
Demographics and Drug Use
14 Cocaine abusers had significantly greater activation than comparison subjects in the right ACC (peak located at 10, 11, 34, [BA 32]; t(24)‫,43.3ס‬ p Ͻ 0.02, corrected for multiple comparisons; cluster of 30 contiguous voxels) ( Figure 1B) . Exploratory whole brain analysis did not reveal other brain regions that showed statistically significant group differences.
Since we did not perform absolute quantification of cerebral blood flow, we examined whole brain activity differences between the groups for the mean of the two resting scans and the mean of the two scans obtained during the no conflict condition. No significant group differences in activation were found between groups, even at a threshold of p Ͻ 0.05 -uncorrected, for either the resting or no conflict condition. We also addressed the possibility that group differences in vascular reactivity may be responsible for the observed effects in the ACC and LPFC by examining changes in brain activity in the motor cortex, where we expected normal levels of activation in both groups. 30 Using coordinates suggested by previous studies, 31 we found no group differences in the motor cortex (-26, -44, 65 ). This finding suggests that the cocaine abusers activate the motor cortex in a fashion similar to non-drug-using comparison subjects while they fail to activate the left ACC and right LPFC and over-activate the right ACC. Thus, the observed group differences in brain activity in the left and right ACC and right LPFC are not due to global group differences in vascular reactivity. No between-group differences for the resting or no conflict conditions suggest that cocaine abusers did not have a different baseline level of activation than the comparison subjects. Rather, they failed to activate to the same degree as the comparison group during the more cognitively demanding conflict condition in the left ACC and right LPFC, while showing greater activation in the right ACC. Correlation analyses between brain activity and grams per week of cocaine use revealed two significant clusters. The first cluster was located in the rostral Anterior Cingulate Cortex (rACC) (peak located at x ‫ס‬ 2, y ‫ס‬ 33, z ‫ס‬ 8, [BA 24]; t(12) ‫ס‬ 6.12; cluster of 1132 voxels contiguous, p Ͻ 0.01, corrected) ( Figure 1D ). The second cluster was located in the right LPFC (peak located at x‫,83ס‬ y‫ס‬ 28, z ‫ס‬ 10, [BA13]; t(12)‫;66.5ס‬ cluster of 856 contiguous voxels, p Ͻ 0.05, corrected for multiple comparisons). The greater the amount of cocaine used (grams per week) the lower the activity at the epicenter of each cluster [rACC (r ‫ס‬ ‫)88.0מ‬ and right LPFC (r ‫ס‬ ‫])68.0מ‬ (Figure 2) . Task Performance Analyses. No significant group differences were observed in the reaction times (RT) for the no conflict or conflict conditions, the RT difference scores (mean RT conflict condition minus mean RT no conflict condition), the interference scores, 25 the number correct, or the error scores.
Discussion
Abstinent cocaine abusers showed less activation than comparison subjects in the left ACC and right LPFC and more activation in the right ACC when performing a Signal Intensity modified Stroop Task, suggesting a conflict-related effect. In addition, the amount of cocaine used prior to the 23-days of enforced abstinence was negatively correlated with large areas of activation in the rostral-ventral (infragenual) ACC and right LPFC. These findings suggest that 23-day abstinent cocaine abusers exhibit persistent functional brain abnormalities in prefrontal brain circuits involved in executive cognitive function (ECF) and that the effects are related to cocaine use since those with the highest cocaine use also showed the lowest activation in prefrontal regions. Compromised prefrontal brain circuitry, and thus difficulty with ECF may favor susceptibility to addiction or resistance to treatment. Although we cannot determine causality from this study, the dose-related association between the amount of cocaine administered and activations in the rostralventral ACC and right LPFC supports the hypothesis that chronic, heavy use of cocaine contributes, at least partly, to persistent prefrontal cortical dysfunction. One possible mechanism for cocaine-induced prefrontal cortical dysfunction relates to the vasoconstrictive actions of cocaine and the purported associated ischemic changes. 32 However, we believe that reduced activation in the left ACC and right LPFC and increased activation in the right ACC in cocaine abusers is a specific effect rather than a general phenomenon since no betweengroup differences were found in brain activity in the resting scans, no conflict scans, or in the pattern of activation in the left motor cortex. Another possible mechanism for dysfunction of the ACC and LPFC may relate to tissue volume loss in these specific brain regions. In the identical sample of cocaine users and comparison participants that were described in this study, the cocaine group showed smaller brain volumes in the ACC and LPFC, as tested with voxel-based morphometry (VBM). 33 It may be impossible, however, to separate cerebrovascular from neuronal mechanisms to explain the alterations in brain activity in cocaine abusers.
Although the two groups studied differed in mean age and proportion of individuals who were smokers, we found no differences in activation between smokers and nonsmokers. Also, no significant correlations were observed between age and activation in the ACC or LPFC in our entire group of 26 participants.
Grams of cocaine used were negatively correlated with activation in the rostral-ventral division of the ACC (infragenual) ( Figure 1D ), whereas group differences in activation during task performance were found in divisions of the caudal-dorsal (midcingulate) ACC ( Figure  1C ). The rostral-ventral division of the ACC is believed to play a role in emotional processing, whereas the caudal-dorsal division is involved in cognitive processing. 6, 34 It therefore, appears that the amount of cocaine intake influenced function of the emotional-rostralventral division of the ACC. Blunting of activation in a brain region associated with emotion may have important ramifications for the development and persistence of drug dependence, especially since higher amounts of cocaine use were associated with lower activation in the emotional division of the ACC. More cocaine use was also associated with lower activation in the right LPFC. Similar negative associations between cocaine use and brain activity in these two brain regions likely reflect the reciprocal connectivity between these two regions. 9, 15 Cocaine abusers did not show poorer behavioral performance than non-drug-using comparison subjects on either condition of our modified Stroop Task. One explanation for this finding is that cocaine abusers may utilize different neural pathways than those used by the comparison subjects to perform our task. This hypothesis is supported by our finding of higher activation in the cocaine users in the right ACC, possibly reflecting a compensatory mechanism. Nevertheless, reports on the laterality of activation in the ACC during performance on other versions of the Stroop Task are mixed. Some studies report only right-sided activation. Other studies report left-sided activation, and some report bilateral activation. 35 In this study, we found both right and left ACC group differences in activation in the same caudaldorsal division of the ACC as observed by others in normal subjects and schizophrenics. 11, 14, 15 Our neuroimaging findings are, therefore, biologically plausible and consistent with those of others. Further speculation about the significance of the differences in function between the right and left ACC would be premature since little has been described about the functional asymmetry of the ACC. The present data, however, suggest that an asymmetry exists.
Another possible reason for the lack of group differences in performance is the weaker sensitivity of behavioral assays compared with neuroimaging for detecting abnormalities or differences in brain functioning. 31 Indeed, on the standardized Stroop Task used for clinical purposes, lower performance was associated with increasing cocaine use in 56 cocaine abusers. 20 Thus, between-group performance differences may become apparent with a larger sample size.
Although our data does not show behavioral evidence of impairment in ECF, we do show abnormalities in the brain regions responsible for the complex mental process of disassociation between intact behavior/performance and abnormal metabolic functioning, which may occur because regions downstream and parallel to the affected brain areas might subsume the role of dysfunctional regions. Cortico-cortical connections and distributed connections in the various cortical brain regions 36 may make such a compensatory mechanism viable. During periods of stress, however, when it might be important to inhibit certain behaviors (e.g., drug selfadministration), cocaine abusers might find it difficult to use compensatory neural mechanisms to overcome faulty self-monitoring, especially in situations involving conflict (e.g., attempting to refrain from drug use in the presence of drug-related cues). Finally, impairments in ECF may be a common denominator in the evolution of maladaptive behaviors, not only in substance abuse but also in other neuropsychiatric disorders such as posttraumatic stress disorder, 37 obsessive-compulsive disorders, 38 and attention-deficit disorder. 39 An understanding of the neural mechanisms involved in executive cognitive control, especially under conditions of conflict, may elucidate the neural substrates involved in a variety of neuropsychiatric disorders.
